We followed 68 cellular metabolites after carbon or nitrogen starvation of Escherichia coli and Saccharomyces cerevisiae, using a filter-culture methodology that allows exponential growth, nondisruptive nutrient removal, and fast quenching of metabolism. Dynamic concentration changes were measured by liquid chromatography-tandem mass spectrometry and viewed in clustered heat-map format. The major metabolic responses anticipated from metabolite-specific experiments in the literature were observed as well as a number of novel responses. When the data were analyzed by singular value decomposition, two dominant characteristic vectors were found, one corresponding to a generic starvation response and another to a nutrient-specific starvation response that is similar in both organisms. Together these captured a remarkable 72% of the metabolite concentration changes in the full data set. The responses described by the generic starvation response vector (42%) included, for example, depletion of most biosynthetic intermediates. The nutrient-specific vector (30%) included key responses such as increased phosphoenolpyruvate signaling glucose deprivation and increased ␣-ketoglutarate signaling ammonia deprivation. Metabolic similarity across organisms extends from the covalent reaction network of metabolism to include many elements of metabolome response to nutrient deprivation as well.
We followed 68 cellular metabolites after carbon or nitrogen starvation of Escherichia coli and Saccharomyces cerevisiae, using a filter-culture methodology that allows exponential growth, nondisruptive nutrient removal, and fast quenching of metabolism. Dynamic concentration changes were measured by liquid chromatography-tandem mass spectrometry and viewed in clustered heat-map format. The major metabolic responses anticipated from metabolite-specific experiments in the literature were observed as well as a number of novel responses. When the data were analyzed by singular value decomposition, two dominant characteristic vectors were found, one corresponding to a generic starvation response and another to a nutrient-specific starvation response that is similar in both organisms. Together these captured a remarkable 72% of the metabolite concentration changes in the full data set. The responses described by the generic starvation response vector (42%) included, for example, depletion of most biosynthetic intermediates. The nutrient-specific vector (30%) included key responses such as increased phosphoenolpyruvate signaling glucose deprivation and increased ␣-ketoglutarate signaling ammonia deprivation. Metabolic similarity across organisms extends from the covalent reaction network of metabolism to include many elements of metabolome response to nutrient deprivation as well.
Escherichia coli ͉ metabolomics ͉ nitrogen/carbon metabolism ͉ Saccharomyces cerevisiae ͉ starvation response T he pathways of cellular metabolism are close to identical across widely divergent organisms (1) . The prokaryote Escherichia coli and the eukaryote Saccharomyces cerevisiae share essentially the same metabolic network (2) despite radically different compartmentation. The concentrations and fluxes of metabolites depend on the interactions among this conserved network structure, the cellular environment, and species-specific factors, such as the location, activities, and regulation of metabolic enzymes. Except for a few classic examples, e.g., central carbon metabolism in E. coli and yeast (3) (4) (5) and nitrogen assimilation in bacteria (6-8) the effect of environmental nutrient perturbations on the cellular metabolome have not been directly measured.
We explored exponentially growing E. coli and S. cerevisiae cultures suddenly deprived of their carbon or nitrogen sources. Metabolic composition can change in as little as a few seconds (9, 10) . To get accurate snapshots of the metabolome, we devised a method of growing cells directly on filters to avoid time-consuming procedures (e.g., centrifugation or filtration) before quenching of biochemical activity (11) . Transfer of a filter from a plate containing growth medium into cold organic solvent quickly quenches metabolism; transfer to a plate with a different medium composition allows a quick change of the nutrient environment (Fig. 1) .
For measurement of a number of metabolites simultaneously, we used a liquid chromatography-electrospray ionization-triple quadrupole mass spectrometry (LC-MS/MS) method tailored to known, water-soluble cellular metabolites (12) . The method's strengths include the use of hydrophilic interaction chromatography (HILIC) to enable effective separation of polar analytes (13, 14) , and the detection of metabolites in selected reaction-monitoring mode, which provides superior sensitivity and specificity as compared with simple MS analysis (15) .
In addition to finding basic features of the response to carbon and nitrogen starvation that recapitulate literature based on traditional compound-by-compound methods, we observed global trends that are remarkably conserved between E. coli and S. cerevisiae.
Results and Discussion
Effect of Nutrient Removal on Cell Growth Rate and Atomic Composition. The filter-culture methodology effectively enables exponential cell growth; doubling times on the filters were 1.2 h (vs. 1.4 h in comparable liquid media) for E. coli (16) and 3.0 h (vs. 3.1 h) for S. cerevisiae. The transfer of E. coli to glucose-or ammonia-free media stopped their growth almost immediately ( Fig. 2A) . Transfer of S. cerevisiae to carbon-deficient media similarly blocked growth (Fig. 2B) . In contrast, transfer of S. cerevisiae to nitrogen-deficient media did not immediately alter the growth rate (Fig. 2B) , although growth of nitrogen-starved cells did stop before cells in complete minimal media (data not shown). The continued yeast growth in the absence of nitrogen also occurred in liquid culture, confirming that it is not an artifact of the filter-culture methodology (17) .
An implication of the increase in yeast biomass after removal of the external nitrogen source is that the fraction of the biomass consisting of nitrogen decreases. Elemental analysis of nitrogenstarved yeast revealed this to be the case (Fig. 2C) . None of the other starvation conditions resulted in substantial changes in cellular elemental composition [see supporting information (SI) Table  1 ]. Thus, a major metabolic difference between E. coli and S. cerevisiae is that yeast can replicate in the absence of environmental nitrogen by using internal nitrogen stores. Because yeast are not known to contain any specialized storage form of nitrogen, the nitrogen likely comes from biopolymers, presumably primarily protein (18) .
Metabolome Changes Induced by Nutrient Removal. For metabolome sampling, filter-grown cells were quenched by dropping them into Ϫ75°C methanol. Extraction of metabolites was conducted by using a series of methanol/water steps (19, 20) . LC-MS/MS analysis included selected reaction-monitoring scans for Ϸ170 metabolites; of these, 68 gave quantitative data in at least one organism (the others were below the limit of quantitation or too unstable to yield reliable information). The dynamics of these metabolites after glucose or ammonia removal are provided in full at http://genomicspubs.princeton.edu/StarvationMetabolomics/Download.shtml and are shown in false-color format after hierarchical clustering of the metabolites in Fig. 3 . A unique aspect of this hierarchical clustering was simultaneous use of data from E. coli and S. cerevisiae; the ability to cocluster these data to yield a well organized map provides a first line of evidence that metabolome response to nutrient deprivation is similar across both organisms. A striking feature of the data in Fig. 3 is the dynamic range of the metabolite concentration changes (Ϸ100-fold increased to Ϸ100-fold decreased). Concentration changes exceeded 4-fold under at least one starvation condition for 90% of the metabolites and exceeded 16-fold for 37% of metabolites. The magnitude and speed of these changes is generally greater in E. coli than in yeast. The metabolite concentration changes substantially exceeded the experiment-to-experiment variability: the median relative standard deviation of duplicate independent experiments was 26%. The observed effects were not due to ion suppression or other MS artifacts, because similar data were obtained at the 2-h time point by isotope-ratio-based measurements, which correlated substantially with the direct measurements reported here; R 2 ϭ 0. 704; SI Fig. 7 .
Characteristic Metabolic Responses to Carbon Starvation. Our methods are aimed at gaining a global view of metabolism. An important test of the validity of our approach is its ability to recapitulate literature findings on specific compounds. Among the best established of these is increased cAMP in E. coli upon glucose removal (21, 22) . Our data capture this rise in cAMP, which peaked during the first hour after glucose removal and fell off thereafter. In yeast, where cAMP is not a starvation signal, levels were below the limit of quantitation at all time points. Clustering directly adjacent to cAMP in Fig. 3 , AMP and phosphoenolpyruvate (PEP) also increased during carbon starvation. The rise in AMP in both organisms presumably reflects energy limitation: AMP is in equilibrium with the ADP-to-ATP ratio because of the action of adenylate kinase, which buffers falling ATP by increasing AMP. Consistent with the observed rise in AMP is the falling level of ATP in E. coli. As expected because of the action of adenylate kinase and consistent with ref. 23 , the fall in ATP occurs relatively late in carbon starvation. ATP levels are not provided for S. cerevisiae, because our methanol/water procedure did not effectively extract triphosphates from filter-grown yeast.
Given the almost identical role of AMP in bacteria and yeast, the similarity of the AMP response across these organisms is not surprising. Less intuitive is the similar rise in PEP during carbon starvation of both species (Figs. 3 and 4A) . In E. coli, this rise may be primarily explained by the role of PEP as the phosphate donor for the phosphotransferase system (PTS) responsible for glucose import. When glucose is not present, this route of PEP consumption is cut off. The PTS system is not found in eukaryotes, however. Instead, the dramatic rise in PEP in yeast carbon star vation may arise from the effects of fructose-1,6-bisphosphate (FBP) as a positive regulator of pyruvate kinase, which is the major enzyme consuming PEP. Glucose removal resulted in marked decreases in FBP (Figs. 3 and 4A). These decreases presumably down-regulated the activity of pyruvate kinase, leading to PEP accumulation. Increased PEP in turn is anticipated to inhibit phosphofructokinase, reinforcing the blockade of glycolysis. As expected given the regulatory function of phosphofructokinase in both organisms, FBP levels changed much more dramatically during carbon starvation than did the levels of hexose phosphates (comprising the analytically identical glucose-phosphates and fructose-phosphates). Primary Metabolic Responses to Nitrogen Starvation. Ammonia is assimilated in both enteric bacteria and yeast into glutamine and glutamate, which subsequently distribute nitrogen to other biomolecules (24) . Previous studies in enteric bacteria (7, 25) provided evidence for markedly decreased levels of cellular glutamine during nitrogen starvation, and for comparatively less profound changes in cellular glutamate. Fig. 3 . Clustered heat map of metabolome dynamics during nutrient starvation. Columns represent different starvation time points. Fold-change is relative to exponentially growing cells (t ϭ 0). Cluster A contains 12 metabolites that tend to rise in all forms of starvation, R 2 ϭ 0.485; cluster B contains 20 metabolites that rise in carbon but fall in nitrogen starvation, R 2 ϭ 0.575; cluster C contains 18 metabolites that fall in all forms of starvation, R 2 ϭ 0.677; cluster D contains 10 metabolites that rise in yeast but all in E. coli starvation, R 2 ϭ 0.507; and cluster E contains 8 metabolites that rise in nitrogen but fall in carbon starvation, R 2 ϭ 0.248.
ketoglutarate, is also integral to nitrogen assimilation. Although previous technologies had been adequate to monitor glutamine and glutamate, monitoring ␣-ketoglutarate had been more challenging, largely because of the difficulty of differentiating excreted from intracellular ␣-ketoglutarate without separating cells from media and risking the alteration of the cellular ␣-ketoglutarate pools. Our filter-culture approach resolved this problem, enabling direct measurement of profoundly increased ␣-ketoglutarate during nitrogen starvation. Although ␣-ketoglutarate was detected in the substrate media of nitrogen-starved cells, indicating that the metabolite is indeed excreted (26), the measured ␣-ketoglutarate levels from the cellular samples were not strongly influenced by the extent of ␣-ketoglutarate accumulation in the substrate media, confirming that the measured ␣-ketoglutarate is indeed largely intracellular.
Responses of Specific Biosynthetic Pathways. The data shown in Fig.  3 are rich in specific observations. We highlight two cases here, the first involving nucleotide synthesis and the second involving aromatic amino acid synthesis.
Nucleotide biosynthesis has been studied extensively, both biochemically and genetically; however, assays sensitive enough to quantitate biosynthetic intermediates from wild-type cells have only recently been developed. We found that the concentrations of all measured de novo nucleotide biosynthetic intermediates (carbamoyl aspartate, dihydroorotate, and orotate on the pyrimidine pathway and IMP on the purine pathway) dropped substantially and quickly upon starvation in both E. coli and S. cerevisiae (Fig. 3) . These observations are consistent with recent evidence for decreased flux down these pathways in carbon-starved E. coli (16) . The molecular basis for this decreased flux is not yet clear, but appears to exceed simple feedback inhibition by end product, because nucleotide levels decreased during nitrogen starvation of both organisms.
Synthesis of the aromatic amino acids phenylalanine, tyrosine, and tryptophan follow a common pathway up to the key intermediate chorismate, which contains no nitrogen. Chorismate then can acquire nitrogen from glutamine to follow the tryptophan pathway or, alternatively, can form the nitrogen-free precursor to phenylalanine and tyrosine, prephenate. Prephenate then forms phenylpyrvuate and hydroxyphenylpyruvate, which finally receive nitrogen from glutamate to form phenylalanine and tyrosine. The compounds on these pathways yielding quantitative data with the current analytical method were the amino acid end products and phenylpyruvate. During carbon starvation, none of them changed markedly in concentration in either organism. During nitrogen starvation, however, tryptophan dropped greatly in both organisms, but phenylalanine and tyrosine did not. This finding is consistent with tryptophan's receiving nitrogen from glutamine, which decreases profoundly during nitrogen starvation, whereas phenylalanine and tyrosine receive nitrogen from glutamate, which is much less sensitive to nitrogen starvation. Although phenylalanine levels changed relatively little during nitrogen starvation, phenylpyruvate levels increased greatly in both organisms (Figs. 3 and 5A ). To determine whether the origin of the phenylpyruvate was catabolic or anabolic, we measured the rate of incorporation of isotopic carbon into phenylpyruvate in unstarved and nitrogen-starved cultures (Fig.  5B) . If aromatic amino acid biosynthesis were shut off during nitrogen starvation and the phenylpyruvate accumulation was due solely to increased protein catabolism and phenylalanine degradation, the incorporation of labeled carbon into phenylpyruvate should have ceased upon nitrogen starvation. Although the phenylpyruvate pool of nitrogen-starved cells became labeled somewhat less rapidly and completely than that of unstarved cells, ¶ most of the phenylpyruvate was nevertheless labeled within 30 min, demonstrating that most of the accumulated phenylpyruvate arose from thwarted de novo biosynthesis.
Persistent phenylpyruvate biosynthesis during nitrogen starvation, although seemingly wasteful, has no obvious cost to microbes whose growth is limited by nitrogen availability. To the contrary, it may have an important function in yeast, where a byproduct of phenylpyruvate (phenylethanol) is a key intercellular quorum-sensing signal for nitrogen starvation (27) .
Global Trends in the Metabolome Map During Nutrient Starvation.
One advantage of high throughput analytical technologies is the ability to quickly generate novel compound-specific discoveries, as illustrated by the example of phenylpyruvate. The large number of simultaneously measured compounds is also amenable to global analyses such as are commonly done on microarray and other genome-wide measurements (28) . For example, hierarchical clustering identifies major groups of metabolites with common responses to starvation (Fig. 3) .
Several functional categories of compounds show highly correlated behavior. Amino acids (P Ͻ 0.0001), biosynthetic intermediates (P Ͻ 0.0001), and tricarboxylic acid (TCA) cycle intermediates (P Ͻ 0.001) cluster much more closely than would be expected by chance. In general, the pattern of the concentration changes in these metabolites can be rationalized based on their biochemical roles:
Amino acids (clusters A and B in Fig. 3 ) tend to accumulate during carbon starvation, presumably as the result of starvationinduced protein catabolism (29) . A subset of these compounds (cluster B) decrease during nitrogen starvation, consistent with their being deaminated to yield usable nitrogen.
Most biosynthetic intermediates (cluster C) decrease in concentration over all starvation conditions, consistent with cells turning off de novo biosynthesis as an early, strong, and consistent response to nutrient deprivation.
TCA cycle compounds (cluster D) are among the few metabolites to show opposing effects in E. coli vs. yeast. Both carbon and nitrogen limitation have been shown to enhance respiration relative to fermentation in yeast, consistent with the increased levels of TCA cycle components found here during yeast starvation (30) .
Conserved Nature of the Metabolome Response. Singular value decomposition (SVD) is a process for extracting major signals from complex data sets (31) . SVD factorization of the normalized metabolite concentration data resulted in three characteristic vectors, each able to account for Ͼ10% of the information in the overall data set ( Fig. 6; also SI Fig. 8 ). The first (42% of the information) represents a generic starvation response that increases in a nearly monotonic fashion as the starvation time course proceeds, regardless of the nature of the starvation or the species in which it occurs. The second (30%) represents a nutrient-specific response and shows the opposing pattern for carbon vs. nitrogen starvation but a similar pattern across both organisms. The third (11%) represents an organism-specific response and shows the same pattern for carbon and nitrogen starvation but an opposite sign in E. coli vs. yeast. The largest contributions to these three most significant characteristic vectors are made by metabolites whose identities accord well with the responses to which they contribute (SI Table 2 ). For example, key contributors to the generic starvation response include intermediates in glucose and ammonia assimilation (FBP, glutamine) and in purine and pyrimidine biosynthesis (IMP, carbamoyl-aspartate), consistent with general downregulation of nutrient use during starvation. For the nutrientspecific response, the strongest contributor is PEP, consistent with its rise during glucose but not ammonia deprivation; another substantial contributor is ␣-ketoglutarate, consistent with its rise during nitrogen but not carbon starvation. Together the three key characteristic vectors account for 83% of the metabolite concentration changes in the data shown in Fig. 3 ; the first two, which both represent evolutionarily conserved metabolome responses, account for 72%.
The ability to account for such a large fraction of the metabolome response to nutrient starvation with two characteristic vectors, which show such similar patterns across the two studied organisms, is quite surprising, especially given the divergent gross behavior of E. coli vs. yeast during nitrogen starvation (quiescence vs. growth), the existence of some nontrivial differences in the covalent metabolic map of these organisms (e.g., use of PEP vs. ATP to drive glucose import), and the fact that E. coli and S. cerevisiae lie in distinct kingdoms of life associated with markedly different subcellular organization. One interpretation of the conserved nature of the metabolome response across these organisms is that there are very few schemes for regulating metabolism that meet all of the requirements of microbes, given the variable environmental conditions they face. Another is that the evolution of metabolome response to the environment has become stuck in one of many ¶ For fixed pathway flux, a larger pool results in slower labeling (16) ; accordingly, the decreased rate of labeling in the nitrogen-starved cells can be attributed largely to the larger pool size. possible local optima but that escaping to a different local optimum is difficult given the upstream position of metabolism in the complex sequence of events (involving metabolism, transcription, cell growth decisions, etc.) required to react appropriately to changing environmental conditions. Dynamic metabolomic data from other divergent microbes, e.g., photosynthetic alga (32) Table 3 .
Metabolome Quantitation. LC-MS/MS analyses were performed on a Quantum Ultra triple quadrupole MS (Thermo Scientific, Waltham, MA). LC separation used a 250 ϫ 2-mm aminopropyl column (Luna; Phenomenex, Torrance, CA) at pH 9.4 in hydrophilic interaction chromatography mode (12 Metabolite-concentration changes induced by starvation (expressed as log 2 ratios) were clustered by metabolite (28) by using the Princeton Microarray Database (http://puma.princeton.edu). The statistical significance of clustering of selected metabolite functional categories (amino acids, biosynthetic intermediates, TCA cycle compounds) was evaluated in two ways: 2 test of functional categories times metabolite clusters and calculation of the average pair-wise Pearson correlation within each functional class (which was compared with a bootstrapderived null distribution). Both gave similar results.
The matrix of log-transformed relative metabolite concentration changes was mathematically decomposed by SVD (31) by using the ''Eigensystem'' function of Mathematica (Wolfram Research, Champaign, IL). Compounds that were missing data for one organism were omitted from the matrix before SVD.
